Low-order detonations and blow-in-place procedures on military training ranges can result in residual solid explosive formulations to serve as distributed point sources for ground water contamination. This study was conducted to determine if distribution coefficients from batch studies and transport parameters of pure compounds in solution adequately describe explosive transport where compounds are present as solid particles in formulations. Saturated column transport experiments were conducted with 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and the explosive formulation, Composition B (Comp B) (59.5 6 2.0% RDX, 39.5 6 2.3% TNT, and 1% wax) in solid and dissolved forms. The two soils used were Plymouth loamy sand (mesic, coated Typic Quartzipsamments) from Camp Edwards, MA and Adler silt loam (coarse-silty, mixed, superactive, thermic Fluvaquentic Eutrudepts) from Vicksburg, MS. Interrupted flow experiments were used to determine if explosives were at equilibrium distribution between soil and solution phases. The HYDRUS-1D code was used to determine fate and transport parameters. Results indicated that sorption of high explosives was rate limited. The behavior of dissolved Comp B was similar to the behavior of pure TNT and RDX. Behavior of solid Comp B was controlled by dissolution that depended on physical properties of the Comp B sample. Adsorption coefficients determined by HYDRUS-1D were different from those determined in batch tests for the same soils. Use of parameters specific to formulations will improve fate and transport predictions.
L OW-ORDER (INCOMPLETE) DETONATIONS and blow-in-
place procedures, unlike high-order (complete) detonations, can leave considerable explosives residue on military training ranges . Such residues are potentially available to impact environmental and human receptors. Accurate transport parameters, such as soil-water partition coefficients (k d s) and dissolution and degradation rates are essential for predicting transport to groundwater.
Batch-determined fate and transport parameters for explosives commonly used by the military were reviewed by Brannon and Pennington (2002) . Existing models for predicting environmental fate of explosives rely on information obtained in batch tests with pure explosive compounds (Pennington and Patrick, 1990; Comfort et al., 1995; Xue et al., 1995; Price et al., 1997; Brannon et al., 1998; Price et al., 2001a; Price et al., 2001b; Brannon et al., 2005) . However, explosives are typically formulated in combinations of two or more compounds with waxes, stabilizers, and binders. Binders and waxes have been shown to decrease dissolution rates of individual explosive compounds from formulations (Lynch et al., 2002b; Phelan et al., 2002) . The effects of formulation on other fate and transport processes are unknown.
Solid particles ranging in size from small (,2mm) to large (up to the diameter of the projectile) may be deposited on the soil surface when projectiles fail to detonate completely (a low-order detonation) (Pennington et al., 2005; Jenkins et al., 2006) . Similar residues can be deposited when duds or unexploded ordnance that are disposed of by detonation in place fail to detonate completely. These failures result in locally scattered chunks of Comp B on the soil surface ). An understanding of transport behavior of the components of this residue is necessary because of detections of one component of Comp B, RDX, in groundwater of military training ranges (USEPA, 1997) .
This study focused on Comp B, one of the primary explosive formulations currently used in artillery projectiles and many other munitions. To accurately represent field conditions, residues from deliberate low-order detonations of Comp B-filled artillery shells were used. The objective was to determine transport parameters for TNT and RDX from solid phase Comp B under saturated conditions. The parameters for solid Comp B were compared with those for pure RDX and TNT; RDX and TNT in dissolved Comp B; and with adsorption coefficients determined in batch tests.
MATERIALS AND METHODS

Soils
Plymouth loamy sand (mesic, coated Typic Quartzipsamments) and Adler silt loam (coarse-silty, mixed, superactive, thermic Fluvaquentic Eutrudepts) were the soils used for this experiment. Adler silt loam samples were collected in Vicksburg, MS, whereas Plymouth loamy sand samples were collected at Camp Edwards, MA (Massachusetts Military Reservation [MMR] ). Soil samples were collected to a depth of 20 cm. Soils were air-dried, ground, and passed through a 2-mm sieve, and analyzed for cation exchange capacity (CEC) using the NaAc method (USEPA, 1986) and organic carbon (OC) by combustion after acid pretreatment. Analyses were performed by the Environmental Chemistry Branch of ERDC in Omaha, NE. Particle size was determined by the hydrometer method (Gee and Or, 2002) . The Mississippi State University Extension Service Soil Testing Laboratory analyzed soil pH in 1:1 soil/water slurry, exchangeable cations, and base saturation. Results of characterizations are listed in Table 1 . Soils had similar CEC despite differences in texture, possibly due to the greater OC content of Plymouth soil. Both soils had relatively low OC and clay content. High pH and Ca (not shown) indicated the presence of carbonates in Adler soil.
Column Design
Six flux-controlled flow-through columns were used in this study. They consisted of 10.16-cm internal diameter by 17.00-cm height stainless steel cylinders fitted with Media Grade 100 porous 316 stainless steel plates (Mott Corporation, Farmington, CT) and caps on the top and the bottom. Aqueous tracer or explosives solution was input via a valve in the top. Flow from top to bottom was selected so that solid test material (Comp B) could be easily introduced. The top was also equipped with a bleeder valve. A valve in the bottom cap allowed for free drainage of solution. A Fisherbrand Ultralow-Flow Peristaltic Pump (Fisher Scientific Houston, TX) was attached to the top of the column to supply solution at target solution flux. Outflow samples were collected continuously into 20-mL vials using an automatic fraction collector with 50-vial capacity.
To ensure even distribution of the soil and to minimize preferential flow, soils were poured into columns in small amounts at a time and manually pressed. Average packed bulk density (BD) was 1.27 g cm 23 for Adler soil, and 1.60 g cm 23 for Plymouth soil. Bulk density was determined from the dry mass of soil used to pack a column of known volume.
Saturated Flow Experiments
Columns were saturated from the bottom with 0.005 M CaBr 2 solution for 4 h. Pore volume was determined during saturation as the volume of solution necessary to fill the packed column. Columns were then connected to the pump on the top and flow was started. Outflow was monitored to determine volumetric flow rate. Once a constant flow rate was established (target flow rate was 1.18 mL min
21
, or solution flux of 0.87 cm h
; measured average flow rate was 1.09 mL min
, or solution flux of 0.8 cm h 21 ), one pore volume of solution was pumped through the column to assure uniform flow (Gaber et al., 1995) . The selected water flux was lower than the saturated hydraulic conductivities for both soils and about 20% of the average 1-yr rainfall intensity (4 cm For the solid Comp B treatment, steady-state flow was briefly stopped so that 10.0 g of low-order detonation residues containing solid Comp B (65% Comp B and 35% nonexplosive debris, primarily soil particles) between 2 layers of glass wool could be placed on the surface of the soil. Solid Comp B was a composite of the 0.25-to 2-mm size fractions of residue from low-order detonation experiments conducted for another project (Pennington et al., 2005) . In that project, detonations were performed on a large tarp so that residue could be recovered by sweeping. Therefore, residues were relatively clean except for uncontaminated soil introduced via occasional shrapnel tears in the tarp. The explosives component included 57.6% RDX, 38.9% TNT, and 3.5% HMX. Flow was resumed at the same rate as soon as solid Comp B residues were in place.
After four to six pore volumes of explosive solutions, flow was switched back to the background solution (or solid Comp B was removed), which was applied for another four to six pore volumes. For every soil and explosive treatment two experiments were conducted. In one, flow was uninterrupted, whereas in the other, flow was interrupted for 12 to 24 h to allow explosives to equilibrate with the soil. During flow interruption both inflow and outflow from the column were stopped and the column remained saturated. Flow interruption techniques are often used to elucidate rate-limited sorption processes (Murali and Aylmore, 1980; Fortin et al., 1997; .
Outflow samples were analyzed using high performance liquid chromatography (HPLC) (Waters HPLC, GenTech Scientific, Arcade, NY) and liquid scintillation (Tri-Carb 2500TX Liquid Scintillation Analyzer, PerkinElmer Life and Analytical Sciences, Boston, MA). Every fifth sample (approximately every 0.1 L) was analyzed by scintillation counting and every 20th (approximately every 0.4 L) by HPLC. Standard USEPA Method 8330 (HPLC) (USEPA, 1994) was used with the addition of HMX and the following degradation products: monoand diamino-nitrotoluenes and azoxy dimers of TNT, and mono-, di-, and trinitroso derivatives of RDX. Detection limits were 20 mg L 21 for TNT, HMX, 2-amino-4,6-dinitrotoluene (2ADNT), and 4-amino-2,6,-dinitrotoluene (4ADNT); 200 mg L 21 for RDX and 50 mg L 21 for RDX degradation products. Concentrations of explosives in solid Comp B residue were determined by shaking 5 g of residue with 150 mL acetonitrile in 3 sequential extractions followed by filtering (45-mm GF filter) and HPLC analysis.
To determine the longitudinal dispersivity (l) for each soil and monitor for signs of preferential flow, all solutions were prepared with 3 H 2 O tracer 
Numerical Analysis
Experiments were analyzed using the HYDRUS-1D code for simulating the one-dimensional movement of water, heat, and multiple solutes in variably saturated porous media (Š imunek et al., 2005) . Minimization of the objective function that includes the sum of squared deviations between measured and simulated concentrations was performed by the LevenbergMarquardt nonlinear minimization algorithm (Marquardt, 1963 ) assumed to be the product of the longitudinal dispersivity, l (cm), and q divided by u.
Two-Site Sorption Model (with Decay)
The concept of two-site sorption (Selim et al., 1976; van Genuchten and Wagenet, 1989 ) that permits consideration of nonequilibrium adsorption-desorption reactions was used to describe the transport of explosives. The two-site sorption concept assumes that the sorption can be divided into two parts:
Sorption, s e (mg g 21 ), on one fraction of the sites (the Type-1 sites) is assumed to be instantaneous, whereas sorption, s k (mg g 21 ), on the remaining (Type-2) sites is considered to be time-dependent.
Sorption on the Type-2 nonequilibrium sites is assumed to be a first-order kinetic rate process. The mass-balance equation for the Type-2 sites in the presence of degradation is given by:
where f is the fraction of exchange sites assumed to be in equilibrium with the solution phase (2), k d is the linear distribution coefficient (cm 3 g 21 ), m s is first-order rate coefficient in the solid phase (h 21 ), and v is a first-order kinetic rate constant for sorption to kinetic sites (h 21 ). A linear distribution coefficient was used because the majority of explosive compounds exhibit linear sorption by soils (Pennington et al., 1999) and our preliminary batch studies showed that 3 out of 4 studied isotherms were linear. The governing transport equation is then as follows for constant water content, flux density, dispersion coefficient, bulk density, and distribution coefficient:
where r is bulk density (g cm
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), m w is first-order rate coefficient in the liquid phase (h 21 ), and g is the zero-order rate coefficient that we used to account for dissolution of solid Comp B (mg cm 23 h
21
). In Eq.
[4] the first-order rate coefficients m s and m w lump all removal mechanisms of the parental compound, such as irreversible sorption and decay. Complicated attenuation processes of TNT that include covalent bonding of decomposition products to soil organic matter functional groups make separation of irreversible sorption and decay difficult.
Coefficients m w and m s were set to be equal for this experiment because adsorbed explosives can decay (Achtnich and Lenke, 2001; Balakrishnan et al., 2004) and setting decay coefficients equal decreased the number of fitted parameters. Only m w is reported further in the paper. Dissolution was modeled as a zero-order production process of limited duration. It was assumed that during the time when Comp B was present at the top of the profile, there was a zero-order production process in a small layer close to the top boundary.
Parameter Estimation
The numerical analysis of experimental data was performed as follows. First, the conservative tracer breakthrough curves were used to estimate the longitudinal dispersivity, l (cm). The chemical nonequilibrium model was then used to analyze explosives breakthrough curves. Longitudinal dispersivity was fixed at a value determined for tracer. The following parameters were estimated for explosives: fraction of sites with instantaneous adsorption, f, adsorption coefficient,
), firstorder rate coefficient for dissolved phase (degradation rate), m w (h 21 ), and first-order rate coefficient for two-site nonequilibrium adsorption, v (h 21 ). Radiotracer results gave an estimate of the movement of the total mixture of explosives without considering individual parent and/or daughter products, whereas HPLC measurements gave an estimate of the movement of TNT, RDX, and their transformation products. In 14 C radiotracer experiments the rate coefficients (m w and m s ) corresponded to irreversible attenuation, whereas in HPLC experiments they corresponded to the sum of attenuation and degradation. In this paper, reversible adsorption was defined operationally as the process that allowed explosives to be transported further as a result of the desorption, whereas irreversible attenuation was defined as the process that made explosives unavailable for further transport. The production coefficient, g, was fitted in HYDRUS-1D simulations for experiments with solid Comp B.
Mass-balance calculations were performed for the 14 C radiotracer and HPLC results ( Table 2 ) by integration of each breakthrough curve. The accuracy of mass-balance estimates was evaluated using recovery of tritiated water as a conservative tracer.
The R 2 values and confidence intervals for fitted parameters were obtained by analyzing the correspondence between measured and fitted breakthrough concentrations and the behavior of the objective function around its minimum, respectively . Parameter estimates were considered significant if they were different from zero (confidence intervals did not intersect with zero). If parameter estimates were consistently nonsignificant, parameters were removed from the model. To improve the confidence in adsorption coefficients and dissolution rates, kinetic parameters ( f and v) were removed from the model for solid Comp B experiments. However, if only a few parameter estimates were nonsignificant, these parameters were kept in the model, but not used to draw conclusions.
Interrupted and uninterrupted flow experiments were treated as replicates for the purposes of statistical analysis of transport parameters. For comparison between treatments, differences were considered significant when greater than the sum of standard errors of the means multiplied by 1.96 (for 95% probability).
Batch Adsorption Studies
Linear distribution coefficients determined from HYDRUS-1D simulations were compared to k d s determined by five-point batch studies using RDX and TNT with 14 C radiolabel. Adsorption partitioning was conducted at a 4:1 solution/soil mass ratio in 25-mL glass centrifuge tubes. Triplicate samples and a blank were spiked at concentrations of 0.001, 0.0025, 0.005, 0.0075, and 0.01 mCi mL 21 (37, 92.5, 185, 277.5, and 370 Bq mL
21
). Total explosive concentrations were 1 to 10 mg L 21 RDX and 1 to 10 mg L 21 TNT. The samples were shaken for 24 h on a reciprocating shaker at 180 excursions per minute, centrifuged at 8288 relative centrifugal force (RCF) for 60 min, and the aqueous phase removed and analyzed by liquid scintillation counting. Linear adsorption isotherms were determined from the solution concentrations and calculated sediment concentrations. Equilibration time was determined from kinetic adsorption curves established by shaking 10 mg L 21 radiolabeled RDX and TNT solutions with soils at 4:1 solution/soil mass ratio for 0, 0.5, 1, 2, 6, 12, and 24 h, and 5 d.
RESULTS AND DISCUSSION Batch Adsorption Studies
The kinetic tests showed that RDX reached sorption equilibrium between soil and water within less than 2 h. Fast sorption of RDX by soils was also reported previously Singh et al., 1998) . Therefore, 24-h equilibration was used in subsequent sorption studies for convenience. The RDX blank recovery was 101.1 6 1.0%, indicating no sorption by the glassware or loss through other pathways. The TNT blank recovery was also complete (99.3 6 1.3%). However, TNT distribution between soil and water did not stabilize over time, but continued to decline slightly even at 120 h. Processes affecting TNT fate in soils may include TNT decomposition to products that tend to covalently bind to the soil organic matter resulting in their removal from solution (Thorn et al., 2002) . Partition coefficients were determined at 24 h for comparisons with RDX coefficients.
The RDX sorption isotherms were linear ( Fig. 1 ) in agreement with published reports Singh et al., 1998; Tucker et al., 2002; Yamamoto et al., 2004 ) (Brannon et al., 1992; Ainsworth et al., 1993; Xue et al., 1995; Myers et al., 1998; Pennington et al., 1999; Price et al., 2000) .
The TNT sorption isotherm was linear for Plymouth soil and nonlinear for Adler (Freundlich k f 5 3.9, n 5 1.4, R 2 5 0.99). However, to make comparisons between the soils and explosives, linear regression was fitted through the data. The TNT k d s (2.4 and 1.6 cm 3 g 21 for Adler and Plymouth, respectively) agree with values reported in the literature ) (Brannon et al., 1992; Ainsworth et al., 1993; Xue et al., 1995; Myers et al., 1998; Pennington et al., 1999; Price et al., 2000) .
Conservative Tracer
Hollow triangles in Fig. 2 Dispersivity was larger for the coarser Plymouth soil (0.62 to 2.29 cm) than for the finer Adler soil (0.07 to 0.17 cm) (Table 3 ), but generally small as expected for short repacked columns. Breakthrough of the conservative tracer occurred at one pore volume (711 mL for Adler or 11 h and 519 mL for Plymouth or 8 h), indicating the absence of preferential pathways for flow. No air entrainment within the column was observed. Breakthrough curves were plotted on a time basis to accurately present interrupted flow experiments. Outflow concentrations of 3 H 2 O resumed at similar values after the flow interruption, indicating that no or only limited physical nonequilibrium occurred in the soil column. Mass-balance calculations (Table 2) indicated that all tritiated water was recovered (100 6 5%).
RDX
Solid diamonds represent measured values for the 14 C-RDX radiotracer concentration for the two soils with and without interrupted flow (Fig. 2) . For 14 C-RDX, breakthrough was observed later than for the conservative tracer indicating adsorption to the solid phase. The average k d value determined from the curves was slightly larger for Plymouth than Adler soil, but the difference was not significant. The 14 C-RDX radiotracer exhibited little retardation, as is generally reported in the literature Brannon and Pennington, 2002; Tucker et al., 2002) . The k d values for 14 C-RDX determined from HYDRUS-1D (Table 3) were smaller than values determined in the batch experiments (Fig. 1) . Batch adsorption coefficient values for Plymouth soil were similar to values reported by Speitel et al. (2002) for this soil. High mobility of 14 C-RDX was supported by the mass balance (Table 2) . For Adler soil, sorption was reversible; recovery of 14 C-RDX varied between 98 and 105%. Furthermore, irreversible attenuation was not statistically significant when modeled by HYDRUS-1D. However, for Plymouth soil, some irreversible attenuation was observed, as indicated by lower 14 C-RDX recovery in outflow (81 to 91%) and significant numbers for irreversible attenuation rate coefficient (0.012 6 0.002 h
21
). Breakthrough curves also indicated that the outflow concentration was less than inflow for Plymouth soil, but similar to inflow concentration for Adler soil. Incomplete recovery of 14 C-RDX in Plymouth soil is consistent with 8% unextractable 14 C-RDX after 168 d observed by Singh et al. (1998) and irreversible attenuation of RDX in Plymouth (7.4%) reported by Speitel et al. (2002) .
The asymmetric shape of the breakthrough curves, particularly for Plymouth soil, and results of HYDRUS-1D simulations suggest rate-controlled adsorption and desorption. An estimated 30% of adsorption sites in Adler soil and 33% in Plymouth soil exhibited kinetic adsorption, with the rate of exchange in 0.12 to 0.16 h 21 range (Table 3 ). The decrease in concentration following flow interruption also indicated chemical nonequilibrium.
Outflow was not analyzed for RDX by HPLC because it was assumed that 14 C-RDX accurately represents RDX in soil as there is little RDX degradation under aerobic conditions Speitel et al., 2002) .
TNT
The 14 C-TNT radiotracer exhibited greater attenuation than 14 C-RDX as indicated by a delay in the breakthrough curve and smaller outflow concentrations (Fig. 3) . Part of the attenuation was attributed to reversible adsorption, and part to irreversible attenuation. Average k d s were 3.2 times greater for 14 C-TNT than for 14 C-RDX in both soils (Table 3) suggesting a greater affinity of TNT for adsorption sites. This difference was close to the 2.4-fold difference in log K ow of the compounds (2.06 and 0.87 for TNT and RDX, respectively) suggesting that partitioning of TNT to the OM may be a significant mechanism for reversible adsorption.
For both soils, 14 C-TNT k d s were small compared to values reported in the literature ) soil. A 4.4-fold difference in rate between soils was consistent with difference in OC content (0.2 and 0.78% for Adler and Plymouth soils, respectively), which is a matrix for irreversible attenuation (Thorn et al., 2002) . The mechanism for irreversible attenuation of TNT involves reduction to amino transformation products, followed by covalent bonding to the functional groups, e.g., carboxylic acid, of OM (Thorn et al., 2002 for Adler and Plymouth, respectively) differed. Batch k d s were probably larger because they included irreversible attenuation and TNT is known to have a contribution of covalent bonding to total retention by soils (Thorn et al., 2002) . Selim et al. (1995) found that adsorption coefficients for TNT obtained from batch experiments were larger than those obtained from column experiments and explained it by more complete mixing in batch experiments. Asymmetric breakthrough curve, as well as the decrease in concentration when flow was interrupted, indicated rate-controlled sorption of 14 C-TNT in agreement with Selim et al. (1995) . Similar to 14 C-RDX, 14 C-TNT adsorption was instantaneous to a greater fraction of sites in Adler (0.63) than in Plymouth (0.38) soils. Both kinetic sorption and retarded nonlinear intra-particle diffusion (Fesch et al., 1998) may be causing nonequilibrium effects in TNT transport in soils. Rate of sorption (v) accounts for both forms of the nonequilibrium.
Outflow concentrations of HPLC-measured TNT in Plymouth soil were small and inconsistent and, therefore, were not used for the simulation. However, for Adler soil TNT k d s were similar to the values for the 14 C-TNT radiotracer, whereas degradation was considerably greater, because HPLC-measured TNT included both irreversible attenuation and degradation (Table 3) . Estimates for kinetic parameters ( f and v) in HPLCmeasured TNT breakthroughs were nonsignificant. The limited number of samples analyzed by HPLC combined with the selection of samples with non-zero TNT concentrations (and error) resulted in larger confidence intervals and lower R 2 . Mass-balance calculations for 14 C-TNT were consistent between similar treatments (Table 2) . Seventy-three to seventy-five percent of 14 C-TNT was recovered in Adler and 41 to 42% in Plymouth soil. Speitel et al. (2002) reported that 74 to 85% of 14 C-TNT radiotracer was recovered for the subsoil coming from MMR, which is the same soil as Plymouth. For other soils, 20 to 50% of added TNT was reported to be unextractable (Comfort et al., 1995; Kaplan and Kaplan, 1982b; Selim et al., 1995) . Since degradation cannot be estimated from radiotracer data, unrecovered 14 C-TNT is assumed to be covalently bound to the soil OM by reactions reported by Thorn et al. (2002) . Also, TNT may form coplanar complexes with K-exchanged phyllosilicate clays in soils (Weissmahr et al., 1999) ; however, in studied soils only 0.5 to 1.2% of exchange sites were occupied by K. Selim et al. (1995) reported that irreversible attenuation was a dominant retention mechanism of TNT.
In Adler soil, the amount of TNT recovered by HPLC was much lower than 14 C-TNT recovered since 14 C-TNT elutes as both TNT and its decomposition products. HPLC showed recovery of 7 to 15% as TNT and 29 to 35% as a sum of TNT and its measured products. In Plymouth, HPLC TNT recovery was even lower than in Adler soil with less than 5% of inflow. Measured products included ADNTs and azoxy compounds in agreement with Comfort et al. (1995) who observed that a significant fraction of TNT was recovered as amino degradates of TNT.
Forty to forty four percent ( 14 C-TNT recovery minus HPLC TNT and its measured products) in Adler soil and 36 to 39% in Plymouth soil were unaccounted for, likely as undefined or unmeasured degradation products. TNT mineralization to CO 2 is unlikely (Kaplan and Kaplan, 1982a; Speitel et al., 2002) .
Solution Phase Composition B
TNT and RDX from dissolved Comp B behaved like pure TNT and RDX (Fig. 4 ) with k d s, irreversible attenuation rate, degradation rate, fraction of sites with instantaneous adsorption, and rate of exchange for kinetic sites for 14 C-RDX radiotracer, RDX, and TNT in Comp B not significantly different from the ones obtained for pure explosives (Table 3) .
The only difference was in the rate of irreversible attenuation and mass balance of 14 C-RDX radiotracer in Plymouth soil. Unlike pure 14 C-RDX in Plymouth that exhibited a statistically significant rate of irreversible attenuation (0.012 6 0.002 h 21 ), 14 C-RDX in Comp B had no significant irreversible attenuation (irreversible attenuation rate, m w , was not significantly different from zero). In addition, all of 14 C-RDX was recovered in Comp B (105 6 0%), whereas in pure 14 C-RDX some was retained (8 to 18%). Some competition for irreversible attenuation sites between TNT and RDX is possible, since products of TNT transformation actively react with OM.
The HMX, which was not studied separately, was stable with no significant degradation or irreversible attenuation and 100% recovery (96 to 103%). The HMX k d s (0.43 to 0.48 cm 3 g
21
) were in general agreement with batch values summarized by Brannon and Pennington (2002) . Close agreement between reported batch k d s for HMX (0.086 to 5.02 cm 3 g 21 , median H 2 O, 14 C-TNT, 14 C-RDX, and dissolved and solid Composition B (Comp B) (57.6% RDX, 38.9% TNT, and 3.5% HMX) in Adler and Plymouth soils (u was determined from the weight of water needed to saturate the column, l was estimated from 3 H 2 O, whereas f, k d , m w , v, and g from explosives).
mg cm C radiotracer experiments indicates irreversible attenuation); v 5 first-order rate coefficient for two-site nonequilibrium adsorption; g 5 zero-order rate coefficient for dissolution of solid Comp B. ‡ (means 6 standard error; n 5 2). § Not applicable. ¶ Because of increased uncertainty in Solid Comp B experiments, values for kinetic sorption parameters (f and v) were largely nonsignificant and therefore they were removed from the model. # Degradation rate was determined from product concentrations.
† † Degradation rate was determined as a sum of rates determined from product concentrations ("fitted degradation") and the irreversible attenuation rate for pure TNT (0.042 and 0.109 h 21 for TNT for Adler and Plymouth soils, respectively).
cm 3 g
21
, average 1.62 cm 3 g
) (Myers et al., 1998; Brannon et al., 1999; Pennington et al., 1999) and columndetermined values can be explained by the absence of irreversible attenuation.
Degradation products of TNT accounted for 65% of outflow in Adler soil and 25% in Plymouth soil. They included ADNTs, which predominated, in agreement with Selim et al. (1995) , and azoxy compounds. There was more 4ADNT than 2ADNT in agreement with Comfort et al. (1995) . Furthermore, 4ADNT exhibited an earlier breakthrough. This can be explained by higher partition coefficients for 2ADNT (Pennington and Patrick, 1990) , and greater production of 4ADNT because biotic reduction of nitro group in para position is more prevalent. Kaplan and Kaplan (1982a) reported that 4ADNT accounted for the majority of the two amines in compost spiked with TNT.
Degradation products of RDX were only a small part of the outflow (Table 2) : 0.4 to 4% of RDX input (0.4 to 5% of the RDX outflow). The fraction of products doubled in interrupted flow experiments, as additional time allowed degradation to proceed further. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) was the only detected degradation product in Plymouth soil. In Adler soil, DNX (hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine) and 3, 3, were detected. Concentrations of all degradation products increased in the outflow after flow interruption. Degradation pathways of RDX and TNTwere modeled, but are not reported, since parameter estimates were nonsignificant.
Solid Composition B
Breakthrough curves from solid Comp B indicated that despite the small range of particle sizes, variability in dissolution rate of Comp B among the experiments was significant (Fig. 5) . For two experiments outflow concentrations decreased in time, possibly due to a decrease in dissolution rate as smaller particles were dissolved. Smaller particles with a larger surface area dissolve faster due to greater contact with solution (Lynch et al., 2002a) . The sharp initial peak observed for the interrupted flow experiment in Adler soil can be explained by the presence of microscopic Comp B particles on the surface of the principle particles as observed by Phelan et al. (2003) . As dissolution is strongly affected by particle size, microscopic particles will dissolve fastest and result in a sharp increase in solution concentration. Another prominent feature of the breakthrough curves was similarity in outflow concentrations of TNT and RDX, contrary to what was observed for dissolved Comp B (Fig. 4) and to observations of groundwater concentrations in the field . Variance from the field results was explained by the small length of the column and limited residence time of solution. Longer residence would cause a greater change in solution concentration of TNT than RDX due to , 6, 2, 4, 49, 6, 4, 2, 29, 6, differences in degradation rates. Longer soil profiles enhance the contribution of reversible sorption and irreversible attenuation. Difference between solid and dissolved Comp B experiments indicated that TNT has a greater dissolution rate than RDX.
As an excess of Comp B was used, no reliable measure of a source term was available to model transport using HYDRUS-1D. Therefore, degradation had to be determined to estimate dissolution of Comp B. Outflow concentrations of HMX in dissolved Comp B experiments were similar to inflow concentrations. Based on this and the absence of HMX degradation products in dissolved and solid Comp B tests, degradation of HMX from solid Comp B was assumed to be negligible and was, therefore, set at zero ("no degradation" in Table 3 ). For RDX, which had some decomposition, but no irreversible attenuation in dissolved Comp B experiments, degradation was determined from the concentration of degradation products assuming that the products did not further decompose ("fitted degradation" in Table 3 ). For TNT, degradation rate was also determined from product concentrations. However, unlike RDX, TNT exhibited irreversible attenuation. Therefore, the irreversible attenuation rate observed for pure TNT was added to the degradation rate determined from product concentrations to give a total degradation rate (0.0424 and 0.1091 h 21 for TNT for Adler and Plymouth soils, respectively) ("fixed degradation" in Table 3 ). Irreversible attenuation was assumed to be the same for TNT in solid Comp B as for pure TNT because total degradation rates in the pure system and in the dissolved Comp B system were similar. Degradation rates of TNT and RDX determined from product outflow concentration were lower than determined for dissolved Comp B and pure systems (Table 3) , but this was supported by the fact that concentrations of products relative to parent compounds were smaller in the solid Comp B experiments. Greater concentrations of TNT and RDX in the solid Comp B experiment may have caused a reduction in microbial populations and suppression of biotic reduction that exceeds abiotic reduction of TNT (Pennington and Patrick, 1990 ).
When the above approach was applied to the data, simulated dissolution rates (Table 3) varied between the experiments, reflecting variability in outflow. However, a highly significant correlation (P . F , 0.01) existed between HYDRUS-1D-estimated dissolution rates of HMX and RDX and a significant correlation (P . F , 0.05) between RDX and TNT. This supported the accuracy of HYDRUS estimates of dissolution rates of Comp B and indicated that dissolution rates of explosives in a mix are linked. Dissolution rate was the highest for TNT and lowest for HMX. According to Brannon and Pennington (2002) ). Several studies indicated that the dissolution rate of individual explosives is decreased by being pres- ent in formulations, whereas solubility is not affected (Lynch et al., 2002b; Phelan et al., 2002; Taylor et al., 2004) . In this study, the link between dissolution rates of different components of Comp B was analyzed by comparing slopes of regressions between dissolution rates of RDX, TNT, and HMX (Table 4 ) with other relevant properties of studied explosives normalized to RDX: individual dissolution rate, measured content in Comp B, and solubility. None of the listed properties gave a good explanation for the dissolution rates; however, a product of individual dissolution rate and explosives content in Comp B was in very good agreement with HYDRUS-1D estimates of dissolution rates in the formulation. This can be explained by dissolution being related to the surface area, that for each individual compound decreased proportionally to its content in the formulation. Adsorption coefficients for HMX, RDX, and TNT determined from solid Comp B were generally smaller than in dissolved Comp B. Differences were significant for Plymouth soil and for TNT in Adler soil. Two processes can explain this difference, saturation of sorption sites at high concentrations (inflow in dissolved Comp B was below 10 mg L 21 whereas in solid Comp B outflow was as high as 40 mg L
21
), and competition between RDX and TNT at high concentrations for nonspecific sorption sites. Both possibilities are supported by previous reports. Comfort et al. (1995) observed nonlinear sorption of TNT and higher sorption coefficients at low concentrations, whereas Haderlein et al. (1996) reported competitive adsorption of nitroaromatic compounds.
CONCLUSIONS
A saturated column transport study was conducted to evaluate transport parameters for RDX, TNT, and solution and solid Comp B for two soils. Sorption coefficients were estimated and contribution of transformation and irreversible sorption was established. RDX was more mobile than TNT because RDX had smaller reversible sorption, irreversible attenuation, and degradation.
Combining column flow-through studies with numerical analysis of outflow concentrations of explosives and an inert tracer allowed separation of the contributions of physical and chemical nonequilibrium processes. Whereas for studied soils with uniform particle-size physical nonequilibrium was negligible, chemical nonequilibrium (kinetic sorption) contributed to transport and distribution of both RDX and TNT. The contribution of chemical nonequilibrium was confirmed by interrupted flow experiments.
The behavior of dissolved Comp B was similar to that of pure RDX and TNT. Estimated adsorption and degradation rates for RDX, TNT, and HMX were generally smaller for solid Comp B than for dissolved explosives in column and batch studies. Therefore, using distribution coefficients from batch studies and transport parameters determined for pure explosives in solution can underestimate transport of formulations. However, great variability in outflow concentrations in experiments with solid phase Comp B indicated that dissolution was controlling transport processes. The dissolution rate of Comp B was affected by the dissolution rate of pure compounds and by their fraction in Comp B. 
